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Abstract
The integration of a ferrite circulator with an arbitrary load - such as a wideband antenna - is considered by examining the
conditions for perfect circulation over large bandwidths. These conditions relax the requirements of the loading impedance
from being purely real (e.g., 50 ohms) to being complex, per a circulation impedance equation. The impedance equation is
couched in terms of open-circuit impedance parameters, which are the natural parameters for describing an embedded
microstrip circulator. By means of a rigorous field analysis, the impedance parameters are computed by modeling the
microstrip ferrite circuit as a closed PEC/PMC cavity. The justification, features, and limitations of this model are discussed in
detail. It is shown herein how the Z parameters can be invoked in some search algorithm to optimize the parameters of the
ferrite, to achieve either superb circulator bandwidth or isolation performance. An example of a wideband circulator is given
for which both simulation and experimental data are provided. The high degree of correlation between these two data sets
corroborates the methodology.
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1. Introduction
In a companion paper [1], an efficient and accurate methodology
was given for designing an integrated ferrite circulator and
antenna assembly. Several results were presented for a given set of
ferrite-material and geometrical parameters, which demonstrated
the wideband operation and low-loss characteristics of the designed
devices. The methodology focused on the role of the terminating
impedances of some linear, nonreciprocal, three-port, lossless net-
work (LNTPLN), rather than on its internal field structure. It was
shown that perfect circulation (i.e., perfect isolation and maximum
power transfer between ports) was obtainable when these termi-
nating impedances were specified by equations couched in terms of
the S parameters obtained by measurement or simulation. The
required terminating impedances were synthesized using simple
matching networks in conjunction with a search algorithm that
maximized bandwidth for a given transducer power-gain metric.
Excluded from that paper was a discussion of how to opti-
mally choose the material and geometrical parameters of the linear,
nonreciprocal, three-port, lossless network (i.e., a ferrite assembly).
This aspect of the design process is presented herein by thorough
consideration of the field equations associated with its internal
operation. These field equations are cast in terms of a Green's
function and an integral equation associated with a ferrite
PEC/PMC (perfect electrical conductor/perfect magnetic conduc-
tor) cavity. Since the PMC functions as an equivalent open circuit,
it immediately becomes apparent from the development that the
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port response of the linear, nonreciprocal, three-port, lossless net-
work is naturally expressed in terms of the open-circuit impedance
parameters. It therefore makes sense to reinvestigate the termina-
tion-impedance condition from the point of view of the impedance
parameter description. Not only is the termination-impedance con-
dition cast in a different light by using the impedance parameters,
information about operational bandwidth is also made manifest. In
particular, it is shown herein how these load impedances limit
bandwidth, and how to optimize the linear, nonreciprocal, three-
port, lossless network to achieve the maximum bandwidth possi-
ble, per some stated metric.
The material and geometrical parameter optimization is
accomplished by using the impedance parameters - as derived
from the Green's function -as the kernel of a search algorithm.
Here, the Green's function approach reveals its attractiveness: due
to its computational efficiency, the Green's function can be com-
puted as many times as required by the search algorithm in a very
reasonable amount of time. An electromagnetic solver, which can
yield highly accurate data, can also be used as a kernel in the
search algorithm, but its slow computational speed precludes it as a
viable alternative. On the other hand, the quality of the search out-
come is as only good as the quality of the PMCIPEC cavity model.
For this reason, a detailed discussion about this model and its
limitations is also provided.
This paper is brought to a close by considering another
design, in which superb bandwidth can be achieved by using the
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methods of this paper and those in [1]. Not only did this design
perform as expected, it did so without any post-fabrication adjust-
ments, thus appealing to the soundness of the entire design meth-
odology.
2. Network Theory
As presented in [1], consider a lossless, nonreciprocal, three-
port, linear network (LNTPLN) that is excited and loaded in accor-
dance with the schematic of Figure 1.
Due to linearity, for the port voltages and currents we may
write
V = ZI,
Fiur 1 1oss, norcpcatreotlerntw k
(LNTPLN).N
(1)
where V is the voltage vector, I is the current vector, and Z is
the impedance matrix. By definition, V VVV
I[I,1,3 =and
where A, is the determinant of the matrix in Equation (3). To cre-
ate a null voltage at port two, the load impedance at port three must
be adjusted to create a null current at port two. This is accom-
plished when
Fy11 Z12 Z13
Z =Z 21  Z22 -2
LZ31 Z32 Z33j
(2)
The matrix equation of Equation (1) states that the voltage at one
port is a linear combination of the currents flowing into each of the
ports; the proportionality factors between the currents and the volt-
age are the Z parameters, ZU. When i #•1, Zij is identified as the
open-circuit mutual impedance between ports i and j. Zii is the
open-circuit self impedance of port i.
There are two important properties of Z that will prove their
worth in subsequent analysis. First, the network is said to be recip-
rocal if and only if Z is symmetrical (i.e., Z -4Z) [2]: a
nonreciprocal network has a nonsymmetrical impedance matrix.
Second, the network is lossless if and only if Z is skewed-
Hermitian (i.e., Z=- -( z)') [2, 3]. For this situation, time-aver-
aged power delivered to the terminals of the network must be con-
sumed by the loads of the network: the network can only store or
deliver electromagnetic energy. For a reciprocal, lossless circuit, it
follows from the above discussion that Re {Z41 = 0.
In Figure 1, Z1 is the internal impedance of the voltage
source at port one; Z 2 and Z3 are the load impedances at ports two
and three, respectively. The values of Z1, Z 2 , and Z3 are to be
determined in the following analysis. A simple application of
Kirchoff s laws and Ohmn's law at each of the ports along with the
matrix description of Equation (1) yields
z11 +z1  z12  z13  ]~1[ 5[Z21  Z22 +Z2  Z23  112 -0.
Z3 Z32  z33 +z31 1[3j 01
Solving for 12 in Equation (3), we obtain
12 = Vs [Z23Z31-Z21(433+Z3)]/A.,
(3)
and
(4)
Z3=(Z23Z31-Z2IZ33)/Z21.- (5)
When the current at port two is zero, the current drawn from the
source at port one can be found by solving for I, in the following
equation:
(6)
Z31 Z 33 +Z 311 3 0
By inspection,
-1 = V, (Z33 +÷Z3)
-Z (I1 + zl)(Z 33+ Z3)- z13Z31 (7)
The input impedance at port one, 4i,,, is defined as VI /III, which
is equivalent to V, III - Z, . Insertion of Equation (7) into this latter
equation yields
(8)
~Z33 + Z 3
For the choice of Z3 given by Equation (5), Equation (8) is equiva-
lent to
Zij= (Z1IZ23- z13z21)/Z23 (9)
The determination of the other load and input impedances of the
circuit are accomplished in a manner similar to that described pre-
viously. When port two is exclusively excited and when port three
is assumed to have a null response, we find that
Z1 = (Z3 IZ12 -Z32ZI I)/Z32
Zi, = (Z22Z31-z21z32)/Z31
(10)
(11)
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For port three excitation and for a null response at port one,
and
Z2 =-(z12z23 -z13z22)/z13
Zi, = (Z33ZI2 - Z32z13)/z12
(12)
(13)
The above equations establish the necessary conditions for
perfect isolation in the counterclockwise sense, per the drawing of
Figure 1. For example, when the load (or source) impedances at the
ports are specified in accordance with the formulas of Equa-
tions (5), (10), and (12), a signal entering port one will not excite a
signal at port two. Perfect circulation is said to exist when perfect
isolation exists and when maximum power is transferred from the
source to the non-isolated load. The design of the loads establishes
a necessary condition for perfect circulation. Sufficiency for perfect
circulation is assured when the network is comprised of lossless
nonreciprocal elements, or is void of lossy mechanisms (e.g.,
radiation). Since Z is skewed-Hermitian for lossless networks
(i.e., Zy, = -Zjl.), a casual inspection of Equations (5), (10), and
(12) with Equations (9), (11), and (13) reveals that
(14)
This is the equation for maximum power transfer between the net-
work and the load (or source) impedances. For example, consider
Figure 1 when the load impedances are determined by Equa-
tions (5), (10), and (12). Maximum power transfer will occur
between the source and the network at port one and between the
network and the load at port three. Since port two is isolated and
since the network is lossless, we conclude that maximum power
transfer will occur between the source at port one and the load at
port three. Similar arguments can be made when the other ports are
excited. Maximum power transfer cannot be achieved -in fact no
time-averaged power transfer can be achieved -when Z is
symmetric and the network is lossless, since Zjis purely imagi-
nary, as are the impedances Z1 , Z2, and Z3 .
The conditions for perfect circulation are embedded in the
preceding discussion and can be summarized in terms of a circula-
tion theorem:
Circulation Theorem: The necessary and sufficient
conditions for perfect circulation of a three-port net-
work are:
1. Non-reciprocity (i.e., Z#• Zt),
2. Being lossless (i.e., Z = -(Z')'), and
3. Terminal load impedances determined by Equa-
tions (5), (10), and (12).
In the analysis provided so far, as well as in [1], it has been
understood that the impedance parameters are frequency depend-
ent. This simple observation suggests that perfect circulation can
occur for all frequencies (i.e., infinite bandwidth), provided that the
source and load impedances satisfy Equations (5), (10), and (12)
for all frequencies. However, there is no a priori reason why these
equations will yield load impedances that are positive real for
impedance parameters that satisfy power-conservation require-
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ments associated with a skewed-Hermitian impedance matrix. The
load impedances are designed to achieve perfect circulation using
physically realizable impedance parameters; it is not assured a pri-
ori that the load impedances themselves are physically realizable.
Given the possibility that the loads may end up being negative
resistive over some portion of the entire spectrum, we conclude
that infinite bandwidth can only be achieved if we are willing to
use active, negative-resistance loads. In general, negative-resis-
tance active loads are prone to being unstable over large band-
widths, which precludes their use as viable loads. If passive loads
are invoked, it follows that circulator bandwidth will be finite. In
summary,
Bandwidth Theorem: The bandwidth of a perfect cir-
culator terminated with passive loads is constrained by
the equation Re{fZ 1}I > 0, where i = 1, 2,3.
A typical sketch of Re{ýZ1 }I is shown in Figure 2. Clearly,
there are several regions of operation for which Re{jZ1 I > 0. How-
ever, since these regions are not contiguous, the bandwidth is lim-
ited by the frequency spread of each region. Thus, it is imperative
for wideband design that the center frequency of operation falls
within a region of maximum frequency spread. Regions in which
Re I Z1 I < 0 are called forbidden regions, since perfect circulation
cannot be achieved using passive loads. It should be noted at this
point that the shape of the curve of Figure 2 is determined by the
required load impedance, which is determined by the impedance
parameters of the linear, nonreciprocal, three-port, lossless net-
work; the values of these impedance parameters are functions of
the ferrite parameters and shape [4]. Hence, part of the design pro-
cedure -also discussed in the ensuing section - is to flatten the
curve of Figure 2 in the maximum-bandwidth interval and to keep
Re{fZ, I to a reasonable value.
Circulation can be reversed by interchanging the isolated port
with the through port. For example, if port one is excited and port
three is designed to have a null response, then by means of a simi-
lar analysis presented in this section it can be shown that the load
at port two, identified as Zý, is given by
'I Maximum -
SBandwidth
f
Figure 2. A sketch of Re{Z1 } as a function of frequency to
illustrate regions of usable bandwidth.
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zý =(Z32Z21 -z31z22)/Z31.- (15)
As for the other load impedances, we find by similar means that
and
Z3' = (z13z32 -z12z33)/z12
z; ==(z 21z13 -z23z 1)/Z23.
(16)
(17)
These three load impedances will assure perfect circulation in the
clockwise fashion. In the same manner that Equation (14) is true,
we may state by similar reasoning that
for i-=l, 2,3. Here, Zi',, is the corresponding input impedance at
port i. Consideration of Equations (14) and (18) and inspection of
Equations (5), (10), and (12) with Equations (15), (16), and (17)
reveals that
(19)
for i = 1, 2,3. Thus, circulation direction is a function of the sign of
the resistive part of the load; the reactive part is the same for both
directions of circulation. From a bandwidth point of view, we
immediately see that forbidden regions for which Re I{Z1 < 0 are
the realizable regions associated with Re{fZj¶} > 0, and vice versa.
Thus, the network of Figure 2 can be made to circulate in either the
clockwise or counterclockwise direction, but it cannot be made to
do so in the same frequency band.
For the case when the three-port network exhibits rotational
symmetry, such that
Z21 = -Z3 3
-31 23 13'2
(20)
a circular ferrite puck of radius b is embedded in a uniform sur-
rounding dielectric of thickness h; both puck and dielectric are
backed by a perfectly conducting ground plane. Patterned on top of
the puck is a circular metallic patch, which is connected to three
radially directed microstrip transmission lines of equal width. The
width of the lines is controlled by the coupling angle, V/; the lines
are equally spaced about the puck.
The material composition of the puck is assumed to be some
lossless ferrite that is magnetically saturated to a value of 4 ;rMs
(Gaussian units). The internal dc field, H0 , is given by the equa-
tion
Ho H. - 4,rMSN.~, (23)
where Ha is the anisotropy field (for self-biased ferrites) [5] or is
the applied field (for traditionally biased ferrites) [6], N, is the
demagnetization factor, and 4,rMsNz is the demagnetization
field. The value of N., is exclusively dependent on the geometri-
cal parameters of the ferrite. For the circular puck, N, is strongly
dependent on radial distance, weakly dependent on axial distance,
and completely independent of azimuthal angle. The radial
dependency is a result of the effective magnetic surface charge
resident on the top and bottom of the puck. This charge is nonuni-
formly distributed in the radial direction and, hence, the demag-
netization field that it creates is radially nonuniform. The approxi-
mation of the demagnetization factor that will be used in our analy-
sis is the one given by Joseph and SchU~mann [7]:
N. (r, z) = b r J0 (tr) J1 (tbM [et + e'(- d , (24)2 -U
where J, (x) is the Bessel funiction of the first kind of order n and
argument x. Since the puck is regarded as thin, it suffices to evalu-
ate z in the above equation at h12.
As a result of the large-signal internal dc field, the small-sig-
nal, time-harmonic magnetic behavior within the ferrite is charac-
terized via the Polder tensor [8] such that B = ;7 H . In matrix
form and for an ej'" time dependence,
it is easy to show that counterclockwise circulation occurs when
Z21
(21)
and clockwise circulation occurs when
The computed values of Equations (21) and
the computed values of Equations (25) and
tively.
3. Field Theory
One of the most common microstrip linear, nonreciprocal,
three-port, lossless network topologies is shown in Figure 3. Here,
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(22) are identical to
(27) in [1], respec-
'4- Copper Ground Plane
Figure 3. A cartoon of the embedded ferrite puck and the
microstrip layout.
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'aKJ = jC U 0 (25) J 'V I0, Jr2
Lo 0 PI3i
where Ze i s
If = /-o(1+ 22 (26) Fertei
and i
KIC = 2O 2O (27)
By definition, wo is the precession angular frequency of the mag- 'rl
netic moment, and wo is the magnetization angular frequency,
where wo = yH0 and w, = 4;rMsy. y is called the gyromagnetic
ratio, the typical value of which is 2.8 x 10 6 MHz/Oe. Since N, is Figure 4. An illustration of the fields, currents, and voltages in
a function of radial distance, it follows that HO, and consequently afertpuk
ware also functions of radial distance, and thus the puck is ren-
dered radially inhomogeneous for small-signal fields [9]. The M
radial inhomogeneities are modeled using M concentric rings of
homogeneous material [10]. The value of N, within the mth ring
is the sampled value of N,, (r) evaluated at r = (b,, + bm,,-)/2
[11].Zs
Z2e
The microstrip configuration of Figure 3 is quite difficult to+
analyze. To simplify the mathematical treatment, it is common to ZseN PL
disconnect the microstrip from the puck and examine the puck LNTPLN,
separately fr~om the microstrip lines. For purposes of this analysis,
the puck perimeter is segmented into two parts: that which is to be
connected to the microstrip lines, and that which is not (see Fig-+
ure 4). Ports are defined at locations where the microstrip joins the_3Zs
puck, and are of width 2b sin V/'; at these locations we say that the
microstrip lines load the puck with an effective sheet impedance
Zse. As a result of this impedance, radial conduction currents can
flow in and out of the ports. Currents that flow out of the ports - Figure 5a. An equivalent circuit for the microstrip topology of
say, at ports two and three -induce voltages across the sheet Figure 4.
impedances at those ports. These voltages correspond to vertical
electric fields, E.-. The current that flows into the puck at a port- M
say, port one -is due to some equivalent, vertically directed cur-
rent sheet at the port, as also shown in Figure 4. The current sheet
and sheet resistance form an equivalent circuit of the electrical
phenomenon associated with the microstrip line at port one. Where
no microstrip lines exist next to the edge of the puck (i.e., non-port+
edges), no radial conduction currents flow. However, there will be E2ZM
displacement currents at such edges that give rise to electromag-
netic radiation, but these currents and the corresponding radiation J P + L T L
are regarded as negligible, particularly for thin pucks. Hence, the M Z
total radial current for non-port edges is essentially zero. From
boundary theory of electromagnetics, the absence of radial currents ZM
implies the absence of azimuthal magnetic fields at the non-port
edges. This implies that these edges are effectively loaded by per- L
fect magnetic conductors (PMC), which have the property that
n xl H 0, where H is the magnetic intensity and a is the unit
normal to the azimuthal surface. _
Figure 5b. The port loading and excitation for impedance-
The previous description can be cast in terms of the network parameter characterization: ZpMC denotes an open-circuit
diagram of Figure 5a. In this diagram, the current source at one impedance.
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port has an internal impedance of Zs, the load impedances at the
other two ports have an impedance of Zs, and the linear,
nonreciprocal, three-port, lossless network (i.e., the puck) is
encased in a PMC. The network can be characterized using the
open-circuit impedance parameters by allowing the sheet imped-
ances, Z,,,, to become infinite, and by computing the electric field
across them, as shown in Figure Sb. By definition, a PMC is an
open circuit, from which the notation ZpMC is invoked.
Using the network of Figure Sb as a guide and returning back
to Figure 4, it follows that the impedance parameters of the puck
(i.e., the linear, nonreciprocal, three-port, lossless network) are
simply deduced by replacing the sheet impedances, Zse, with
PMCs. The current source at port one becomes an ideal current
source of infinite impedance, and the vertical electric field at ports
two and three exists across open circuits. Since port open circuits
are modeled as PMCs and since the non-port edges are also effec-
tively loaded by PMCs, we conclude that the puck can be charac-
terized using an impedance-parameter description by treating it as a
closed cavity completely encased by PMC sidewalls. The top and
bottom surfaces of the cavity are perfect electric conductors (PEG)
that allow for the flow of conduction currents. However, it must be
stressed that the cavity model is only used to find the open-circuit
impedance parameters. The puck in a microstrip circuit, such as
that of Figure 3, is not a cavity. This comment also hints at the key
fallacy of the analysis method. The approach employed herein and
by others (e.g. [4, 10-14]) assumes that the field lines in the
PMCIPEC cavity are the same as when the puck is connected to the
microstrip lines. That is, when we conjoin the microstrip to the
puck in the circuit treatment of the overall device, we are effec-
tively saying that the field lines in the ferrite maintain their struc-
ture as if they were in the perfect cavity. This assumption is techni-
cally false but practically expedient; it is the key culprit for the dis-
agreement between theoretical and experimental results. The extent
that this effect can be accounted for or corrected is uncertain, and is
viewed as a critical topic of fuiture research.
To keep the analysis as simple as possible, without omitting
key phenomenological features, we will assume that the current
sheet of Figure 4 exists from the bottom to the top plates of the
puck. As a result of this excitation and the radial inhomogeneities
of the puck, only TM, fields will be excited: E~, Hr, and Ho.
Moreover, the uniform nature of the source and the symmetry of
the cavity will create fields that are invariant to z such that
a/az - 0. Although an electric current sheet appeals to the standard
notion of a source of electric current, by way of equivalence we can
equally impress an azimuthal magnetic field across the port in front
of and behind the surface where the current sheet is said to exist.
The azimuthal magnetic field behind the sheet does not excite any
fields, since it is nullified by the PMC wall.
A field solution to this problem is couched in terms of an
integral equation of the form
(28)
Since we are only interested in the port response, the above integral
equation is only valid on the interior side next to the PMC wall. In
Equation (28), G (0, 0') is a trans-impedance Green's fuinction that
relates Ho at 05 to E,~ at qS. G(I,0') is often referred to as the
kernel of the integral equation, and its mathematical expression is
detailed in [11, 14].
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A typical assumption for Ho is that it is uniform in the port
aperture. That being the case, the field Z parameters -to wit, Z f
of the cavity are defined as the ratio of E., at port i to Ho at port].
Using Equation (28), we define the field impedance parameters as
follows:
4f =- r3v (7l,'d' (29)
Likewise,
4f 
- ,/,0 o (30)
and
-f ;r3v31= G(7,0)d (31)
These integrals can be computed in closed form; the integration
results are also given in [ 11 ]. The superscript f notation is used to
represent wave or field impedance parameters, and unprimed
parameters are circuit parameters. The two are related through
some geometrical factor. Lacking a precise description of the fields
outside the vicinity of the ports, we invoke h/(2b sin v/) as the par-
allel-plate form factor, in which case
(32)
The puck has the required material and geometrical symmetry that
allows us to invoke the relationships of Equation (2 1). That is, only
the three parameters given by Equations (29)-(3 1) are needed to
characterize the puck. It should be further noted that upon the
computation of Equations (29)-(3 1), we find that Zf is purely
I1I
imaginary and 7f 7f as required for a symmetrical, loss-
less device. That is, the field impedance parameters are skewed-
Hermitian.
4. Optimal Parameter Selection
The above analysis describes a precise relationship between
the port impedance parameters and the material and geometrical
parameters in terms of a simplified cavity model. With the imped-
ance parameters expressed in terms of the linear, nonreciprocal,
three-port, lossless network parameter space (i.e., b, h, V/L, 4;rMs,
Ha,, and ef), Equations (29)-(3 1), along with Equation (2 1), can
be used to determine the required load impedance for perfect cir-
culation. However, what is not known at this time are judicious
values for the each of the material and geometrical parameters that
will result in a wideband response.
One way to obtain wideband operation is to first define an
input reflection coefficient metric for the linear, nonreciprocal,
three-port, lossless network at port one in terms of wave imped-
ances:
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(Zif )* q7d
where ild is the wave impedance of the surrounding dielectric, and
is given by Vp0/oed , where Ed is the permittivity of the surround-
ing dielectric. Here, Z{ is the required wave impedance for per-
fect counterclockwise circulation, and is given by the field equiva-
lent form of Equation (21). That is,
Zf (Z f 7zfz
21
(34)
The optimization goal is to seek out values for b, h, yf, 47rMs,
Ha, ef , and ed that will maximize the bandwidth of JrJfor a
maximum tolerable reflection coefficient 11,mx If a particular
ferrite and dielectric have been chosen at the outset and h is speci-
fied, then the parameter space is reduced to two: b and Wt, which
are the two parameters of the Wu and Rosenbaum procedure [12].
This optimization procedure is akin to the matching procedure of
Section 2 in [1].
It should be noted at this time that the value of having a
Green's function model is found when conducting the linear, non-
reciprocal, three-port, lossless network parameter search. Since
Equations (29)-(31) must be computed numerous times, it is
imperative that the Green's function be computationally efficient.
The Green's function of [ 11 ] is, in fact, efficient, due to the con-
vergence-acceleration technique employed. Although it has been
argued that the cavity model is an approximation of the microstrip
circulator of Figure 3, that approximation is more than justified
from the standpoint of efficiency. That is, by using a cavity model
and its corresponding Green's function, we have a robust approach
for choosing the material and geometrical parameters of the puck
and surrounding dielectric. This robust approach is assured to yield
optimality in terms of the stated goal and reflection-coefficient
metric, but at the expense of accuracy. Accuracy could be
improved using a full-wave electromagnetic simulator as the opti-
mization kernel, but the optimization procedure would be anything
but robust, due to the slowness of the solver.
Before we leave this section, a couple comments are in order.
First, we neglected losses in the design procedure. Such losses
include ferromagnetic resonant (FMR), conductor, and dielectric
losses. The latter two can be mitigated by using high-quality mate-
rials. Ferromagnetic resonant losses are mitigated by operating the
ferrite far below ferromagnetic resonance and by using low-
linewidth ferrites. Below-ferromagnetic-resonance operation is
accomplished by setting the applied field, Ha, to a value such that
oo is zero at some location in the ferrite (usually the center) and
positive at all other locations [12]. Second, several researchers
have found -using homogeneous cavity models, resistive loads,
and matching transformers -that an octave of bandwidth can be
achieved. In particular, Wu and Rosenbaum [12] showed that the
upper and lower frequencies of operation are roughly w,~ and
2(o), respectively, for all 0.5 < K/P1f < 1, when v/ z 0.5. In their
analysis, the radius of the puck was given by
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These equations indeed give the designer back-of-the-envelope
information on the size and operational bandwidth of the device.
The approach outlined in this paper, although far more complex,
relaxes the constraints imposed by the Wu and Rosenbaum
method, and assures optimum design for the given metric. How-
ever, from an optimization-algorithm point of view these back-of-
the-envelope equations are excellent seed values.
5. Results
As argued in the previous section, the Green's function
approach allows us to search the parameter space for optimum
parameter values per some optimality metric, e.g., Equation (33).
In essence, what this search finds is a set of parameters that mini-
mizes the effective Q of the load impedance, while attempting to
match the resistive part of field impedance, I , t h nrni
impedance of the surrounding dielectric. That is, the optimization
procedure flattens the curve of Figure 2 in the maximum-band-
width interval, and keeps Re{fZ1}I to a reasonable value.
For this paper, we confined the search universe to a single
dielectric (i.e., Trans-Tech D-4 Cordierite: e, = 4. and
tan 8 = 0.0002 ) and to all available Trans-Tech ferrites. The 21
ferrite products included both magnesium and nickel ferrites, and
had magnetic saturations that spanned from 750 G to 5000 G. At
the close of the search, the Trans-Tech bulk magnesium ferrite
TTl1-2000 was deemed optimum for a 14 GHz center frequency:
4)rM, =-2000 G, AH-=3000Oe, ef = 12.4, tanj -~ =0.00025, and
H,=1.6 Oe. For the geometrical parameters, we found that
b =1.75mmn and V/y 0.80r resulted in optimum performance.
Using these parameters and Equation (23), the applied field was
determined to be 1710 Oe, in order to negate the internal field at
the center of the ferrite. The circulation impedance is plotted in
Figure 6 of [I] for these values.
Figure 6. A photograph of the fabricated circulator.
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To turn this ferrite into a broadband circulator, matching net-
works were required to realize the conjugate of the port impedance
of Figure 6 in [1]. Using techniques and matching topology found
in El] and using a three-section matching network, we found that
the following lengths and widths resulted in optimum bandwidth
performance for a minimum transducer power gain of 0.99:
WI =0.9399 mm, W2 = 0.2157 mm, W3 = 0.7993mnm,
W4 0.2157mrm, WS-0.5877 mm, W6 =0.2157 mm,
W7-2.5100mm, LI=14.5821 mm, L2 =5.4166 mm,
L3 = 3.2782mnm, L4 -7.1271 mm, L5 = 0.8292 mm,
L6 = 0.5702 mm, and L7 = 0.7798 mm. A photograph of the final
design is shown in Figure 6. Figures 7, 8, and 9 show the return
loss, insertion loss, and isolation data, respectively. Clearly, wide-
band operation from about 10.4 GHz to 16.4 GHz was achieved
using a 2:1 VSWR bandwidth specification. Also shown in this
data was a good correlation between measured and simulation data.
That is, the device met electrical expectations without the need of
post-fabrication adjustments. As stated in [1], discrepancies
0.0
-10.0 /
R/
2 -20.0
-30.0
Figure 7. The measured and simulated return-loss data for the
circulator of Figure 6.
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Figure 8. The measured and simulated insertion-loss data for
the circulator of Figure 6.
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Figure 9. The measured and simulated isolation data for the
circulator of Figure 6.
between measured and simulation data were surmised to be a result
of the test fixture, and of the inadequacy of the Landau-Lipshitz
model in the electromagnetic solver.
6. Concluding Remarks
This paper and the companion paper [1] have put forth a
methodology for the design of wideband circulators that can be
utilized in an integrated assembly. There are two central aspects of
this methodology. First, for a given set of material and geometrical
parameters for the ferrite, this paper and [1] established the neces-
sary and sufficient conditions for perfect circulation: these condi-
tions make manifest the central role of the terminating impedances.
Additionally, as shown herein, knowledge of these terminating
impedances gives precise knowledge about how much bandwidth
is physically possible. Second, for a given topology for the match-
ing network, [1] put forth a process for optimally designing the
terminating impedances. For a given topology for the ferrite, this
paper put forth a process for optimally selecting the material and
geometrical properties of the ferrite. In summary: [1] focused on
the external port response of the linear, nonreciprocal, three-port,
lossless network; this paper focused on the internal parameters and
topology of the linear, nonreciprocal, three-port, lossless network.
To demonstrate the validity of this approach, three prototypes
were constructed, two of which were presented in [1] and one of
which was presented herein. For the one herein, the circulator
showed a measured performance with good isolation, return loss,
and insertion loss. The frequency of operation spanned from
10.4 GHz to 16.4 GHz. In all three cases, the measured data were
associated with the first measurements of the fabricated unit. That
is, no post-fabrication adjustments were made to the devices. The
importance of this observation is that the devices worked well
within our of realm of expectations, and in most cases, better.
In this paper and in [1], the word optimal has been used. It is
important to note that optimal is only meaningful in terms of the
metric employed to define optimal. For matching-network design,
a gain-bandwidth type of metric makes the most sense. For ferrite-
parameter determination, we have chosen, like others before us, to
89
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use the reflection coefficient of Equation (33) as the metric. This
may not be best, since the reflection coefficient is founded on the
assumption that the waves at the ports are purely TEM, which they
are not. Moreover, the designs in these two papers are only optimal
in the sense of the model invoked; we, like others before us, have
chosen to use a PMCIPEC cavity model to estimate the values of
the field impedance parameters, which are subsequently used in the
kernel of the search algorithm. If the model is deficient - which it
is, for reasons explained in the text -then the final designs may not
be optimal from an experimental point of view.
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